Absolute density of the argon first excited states in plasmas used for carbon deposition as determined by absorption spectroscopy 
Introduction
The expanding thermal arc is capable of deposition layers of all types of carbon from amorphous hydrogenated carbon (a-C:H) to the crystalline forms graphite and diamond at high rates [ 11. To this end, hydrocarbons and hydrogen and/or oxygen are admixed in the argon carrier gas. In Fig. 1 an outline of an expanding cascaded arc set up for carbon deposition is shown. The main feature of the method is the separation of the three functions: production, transport and deposition. The principal advantages of this method compared with conventional methods are high growth rates by the active particle transport towards the substrate, and %' flexibility in handling arc and substrate parameters. A cascaded arc plasma (4 mm diameter, 6 cm length), expanding in a vacuum chamber is used as a particle source. Specific features of this source are a high power dissipation (about 5 kW), a high plasma temperature of about 1 eV, and a long time of continuous operation (days). The carrier gas (argon) is injected at the beginning of the arc channel at a flow rate of about 100 standard cm3 s -', which means a flow rate of 100 cm3 s-l normalized on a pressure of lo5 Pa. The inlet pressure is of the order of 5 x lo4 Pa. The ionization degree is typically about lo%, giving an electron density of the order of 10" m-3. As a consequence the arc plasma is close to partial local thermal equilibrium. A hydrocarbon (CH4 or C,H,) can be injected (at rates of 0 to 10 standard cm3 s-l) at the end of the arc channel. Hydrogen can be admixed as an etching agent in the middle of the channel. By dissociation and charge exchange a beam of excited species, radicals and ions (Ar *+ C*+,H *+ C H*+) is created, expanding out of the enh of the arc ihain:l (the nozzle). The particles are accelerated to supersonic velocities of up to about 4000 m s-l, pass through a shock and are transported further towards a substrate at subsonic velocities, decreasing down to a few hundreds of metres per second. A typical value for the chamber pressure is 10' Pa (for a-C:H deposition); in this case the shock can be observed at about 40 mm from the nozzle [2, 3] . Beyond the shock, the total energy of the species decreases to about 0.5 eV. A typical value for the carbon ion flux is 1019 s-l. The total transport time of all particles is relatively small (of the order of 1O-4-1O-2 s), the radiative recombination is negligible; the loss of ionization by three particle recombination is less than 1% [Z] . With this configuration, very high growth rates (200 nm s-') have been reached for amorphous carbon films at low substrate temperatures (20-100 "C) with argon-methane and argon-acetylene plasmas (ratio typically lOO:l, flow rates in cubic centimetres per second). For higher deposition temperatures and with addition of H, to the gas flow, the growth rate is strongly reduced [4, 5] . Diamond films have been deposited at 1000 "C in an argonhydrogen-methane environment (ratio 20 : 20 : 0.2) at a rate of about 10 nm s-i. The main factors determining the crystallinity of the film are the substrate temperature and the amount of hydrogen admixture in the argon flow.
The reactor parameters for crystalline diamond deposition are given in Table 1 . An issue is the role of the Ar(3ps4s) (3ps4s, 3P0,1,Z,,1P1), two metastable and two resonant argon states (in the following referred to as argon 4s states), compared with that of the argon ion energy transfer processes to the admixed species. In Refs. [6, 7] it was already demonstrated that, in an expanding argon plasma jet, the densities of the argon metastables are a factor of 10 lower than the ion density. In the present study the effect of the admixture of various gases 
Experiment
To this end, the expanding plasma beam was monitored in axial and radial direction using the absorption spectroscopy technique described in Refs. [ 6, 7] . In this method a cascaded arc is used as an external high intensity continuum light source [S] . In Fig. 2 the studied section of the argon system and the selected spectral transitions are shown. The four argon 3~~4s states under investigation can be distinguished in two metastable states (3P,, and 3P2, also denoted by s3 and sg), and two resonant states (IP, and 3P,, s2 and s4). By means of the photodiode array, absorption measure- ments in the region 794-852 nm could be recorded simultaneously for the eight spectral transitions of argon coming from the four 4s sublevels and depicted in Fig. 2 [6, 9] . At two interesting axial positions, close to the exit of the arc channel (z = 27 mm), and at the substrate location (z= 127 mm), 23 lateral measurements were carried out, 4 mm apart from each other. A specific Abel integration method was used to analyse the data, based on simulation of the density and of the temperature profiles and the spectral line shape in the expanding plasma jet [6] . The study was carried out on a plasma suited for amorphous carbon deposition at a chamber pressure of 40 Pa. For this special Abel inversion temperatures which are needed in the analysis have to be assumed. The temperatures were estimated based on experiences in emission spectroscopy and deposition experiments [ 1,101. For the argon-methane plasma an axial temperature of 2500 K, for the argon-oxygen plasma a temperature of 3000 K, and for the argon-hydrogen plasma and the argon-hydrogen-methane-oxygen plasma an axial temperature of 2000 K were adopted. It should be noted that, for all the admixtures, no central dips were observed in the measured absorption data. The measured density profiles will be discussed in terms of a survey of reactions and rate coefficients in the expanding plasma.
Results and discussion
The main results are summarized in the following figures. In Figs. 3 and 4 the radial and axial profiles of the total density of the 4s states are given for the various gas admixtures. In order to discuss the result for each admixture separately in more detail, the axial decay of the densities for each of the four 4s sublevels is shown in the next figures. In Fig. 5 (a) the axial decay of the argon 4s substrates, for two radial positions, on the axis and on the periphery of the plasma beam, in a pure argon plasma is recapitulated (from Ref. [ 63) . In Fig. 5 (b) these densities are depicted normalized by statistical weights gi (3, 1, 3, 5 respectively), and divided by the Boltzmann factor exp( -AE/kT,) (with AE with respect to the ss level), and using a value for the electron temperature T, of 3000 K [lo]. These normalized densities appear to be approximately equal (see Fig. 5(b) ), indicating strong collisional coupling between the four states [ 111. In Fig. 6 axial values of the densities of the four 4s substrates separately are depicted, for the various gas admixtures, again for the two radial positions are shown.
Comparing the profiles of the argon 4s states on the addition of the various admixtures to the argon carrier plasma with those for the purely argon plasma, the following features can be observed.
(1) The shape and the values of the radial profiles are only slightly affected by the admixture of oxygen and methane in the nozzle. The admixture of hydrogen (in x (ml ., .,, the arc), both separately and in the combination of the three gases used for diamond deposition, leads to narrower profiles and substantially lower density values.
(2) In a purely argon plasma, Fig. 5(b) , the substrates appear to be thermally populated by the rapid interstate mixing by electronic collisions [ 111. The densities per statistical weight and corrected for the Boltzmann exponent are approximately equal for most of the positions. On addition of the various gases it is possible to show from the data, presented in Fig. 6 , that this equilibrium is perturbed. Particularly for the off-axis positions (the open symbols) the electronic coupling appears to be bad. This may be due to a lower electron density caused by the admixture. In particular, the methane admixture in the nozzle seems to have a perturbing effect at the plasma edge, probably owing to a bad mixing into the plasma core. Also, the inaccuracy in the determination of 4s densities on the off-axis positions may be too large, although the total densities (the + symbols) yield a realistic picture.
Concerning the positions at the plasma axis (the solid symbols), we note the following. For the cases of methane and oxygen addition, Figs. 6(a) and 6(b), the coupling is still reasonable for the metastable states. The densities for the radiative levels (triangles) are no longer equal. The reason for this is not clear. For the cases of hydrogen and the combined addition, Figs. 6(c) and 6(d), it is just reversed. The densities of the resonant states remain approximately equal, while those of the metastable states have decreased strongly at the position z= 127 mm. The populating of these states to the resonant states has to be provided by electronic and heavy particle collisional coupling to the resonant states, which appears to be inadequate.
The relative effect of the argon metastables in exchange processes compared with that of the ions can be estimated by considering the rate coefficients for the various reactions. A problem is that in the literature often values for cross-sections and rate coefficients are given which are only valid in the given specific conditions (e.g. room temperature). Therefore, the rate constants for the temperatures in our case have often been obtained by extrapolation of literature values, starting from the relationship K = (G(v)u) (integration over the velocity distribution). To this end, two assumptions were made. Unless stated otherwise, the cross-section is taken to be independent of II), so that K can be expressed as oti, and for V the mean Boltzmann speed is taken, which is proportional to Tii2 [ 12,131. We have of course proof that the velocity distribution is maxwellian.
(3) For the present small amounts of methane and oxygen admixture, Figs. 3, 4, 6(a) and 6(b), both the ionization degree of the plasma and the argon 4s densities are hardly affected compared with that of a pure argon plasma. The electron densities remain of the order of 1019 rnm3. This has been established by emission spectroscopy [lo] , and probe measurements [ 141 respectively. These findings support the assumption that the argon 4s densities are coupled to the ion density. The ion densities are a factor of 10 higher than the argon 4s densities. On admixture of methane in a pure argon plasma the following reactions are of importance: 
For y=4 (starting with methane) the rate coefficients at 2500 K can be estimated (using values available in the cited literature): K, = 3.4 x lo-l5 m3 s-l [ 151, K, (x=4)=4.3 x lo-l6 m3 s-l [16, 17] , K,(x=3)= 2.1 x lo-l5 m3 s-l [ 16,171, K3 = (0.9-1.7 x lo-l5 m3 s-l [13,18-J, K 4 z lo-l3 m3 s-l [ 19,201. Direct dissociation or ionization of CH, by electronic collisions at the low T, values is negligible because the thresholds for these processes are about 10 eV and 13 eV respectively [21] . The cross-section for reaction (4) is orders of magnitude larger than that for reaction (3) and so the dissociative recombination reaction is the predominant dissociation mechanism. For Kz no data are available. Penning ionization of CH, can most probably be ruled out because of its ionization potential of 12.6 eV, which is 0.9 eV higher than the highest metastable state. The ionization potentials of the CH, radicals, however, are 11.1 eV, 10.4 eV and 9.8 eV for x = 1,2,3 respectively [22] , so Penning ionization of these species can easily occur. No rate coefficients are available but an indication for their values may be obtained from the comparable reaction on acetylene (ionization potential, 11.4 eV), i.e.
Ar"' + C,H,--K",Ar + C,H: te-
for which the rate coefficient is known: K;= 1.61 x 10-l' m3 s-l [ 151. Now, comparing the products of rate constants and densities, we may conclude that the role of the metastables is limited and that the most important mechanism for the creation of active (hydro)-carbon species is the direct charge exchange with the argon ions followed by dissociative recombination. (4) On the admixture of hydrogen, and the combination of the three gases methane, oxygen and hydrogen, the following features can be observed. l On both axial positions the argon 4s densities are much lower than those for the pure argon plasma. l The density profiles are narrower in comparison with pure argon case. The following reactions are proposed to account for the loss of argon 4s states. l Assuming that all 4s states come from recombination of argon ions, the loss of argon ions by charge transfer followed by dissociative recombination is responsible for the decrease in production of the 4s densities:
Ar+ + H, -% ArH+ +H e-+ ArH' 3 Ar+H* e-+H: -% H+H*
Reactions (8) and (9) Again the predominant mechanism may be that the admixture of hydrogen leads to a substantial loss of ions and thus to a lower 4s density in the core. As a result, the resonance radiation has decreased considerably, which leads consequently to a lower production of 4s states in the periphery by radiation capture. The mixing of the injected hydrogen into the argon plasma core may be bad, leading to a relatively high reduction of the 4s density in the periphery (again by loss of ionization). Also, it could be an indication for the recirculation of H, [ 71, which will be more abundant than atomic hydrogen in the edges of the plasma core. In this case for example the following loss channel is present: 
Conclusion
We conclude the following. Addition of hydrogen affects the metastable density drastically. Most likely this is due to two reasons: (a) the hydrogen-induced loss of ionization; (b) the excitation transfer between argon and hydrogen atoms. In the expansion itself the decrease in the argon 4s densities is stronger than in the expansion of a purely argon plasma, so further interaction takes place between the hydrogen and the argon 4s. No interaction of the metastables with methane was observed, confirming the negligible role of the argon metastables in the dissociation of CH,. Addition of small amounts of oxygen has no effect on either the ion density or the 4s densities.
